SEQ is an interactive, self-documenting computer program that contains procedures for the " analysis of nucleotide sequences and the manipulation of such sequences to allow the simulation and prediction of the results of recombinant DNA experiments.
Introduction
The SEQ analysis system provides an interactive environment for the analysis of data obtained from SEQ's responses to question marks form a short tutorial on the program itself. In addition, all errors made by the user are explained in plain English so that appropriate responses can be made.
While the various procedures of the SEQ program are related to many other programs of similar purpose [1] ; [2] ; [3] ; [4] ; (and reviewed in [5] ), SEQ has a rapid and improved homology and dyad symmetry search algorithm which finds many homologies and dyad symmetries that are overlooked by earlier algorithms. SEQ also prepares restriction maps with the names and locations of the restriction sites marked on the nucleotide sequence as well as tables containing the length of DNA fragments produced by restriction digests of any known sequence. SEQ treats circular sequences property for all of its search and comparision functions.
SEQ contains 13 primary procedures with over 25 additional suboptions that allow sequence data to be displayed and analyzed in a wide variety of ways. The user can analyze any sequence, any part of a sequence, the inverse-complement of a sequence, or any combination of parts of sequences. In addition, any new sequences generated by the combination of parts of sequences can be saved and can serve as a permanent record for later analysis. It is this capability to combine parts of sequences that allows one to simulate recombinant DNA experiments and predict structures that will be generated in the laboratory.
In addition to many different ways of manipulating sequence information and representing it, the SEQ program has many analytical tools that can search for sequence patterns both within and between sequences. These include procedures for finding exact internal repeats, inexact but statistically significant direct repeats, inverted repeats and dyad symmetries within sequences, as well as homologies and potential areas of hybridization between sequences.
The SEQ system was written in the SAIL language which currently runs on DEC-10 and DEC-20 computers and is particularly well suited to symbolic manipulation.
Description of the Program
Immediately upon invoking the SEQ program the user is requested to provide the name of a file which contains the sequences to be analyzed and the name of a file in which to store the output. The format for sequence storage is particularly simple and flexible. Descriptive information about the nucleotide sequence (3uch as literature references, locations of gene regions or special sites) can be included in comment lines before the sequence itself. Comment lines begin with a semi-colon and are ignored by all of the procedures except one which specifically prints the comments. The first line without a semi-colon is taken as the name of the sequence and all subsequent lines contain the sequence itself. The sequence can be typed in any format desired. Blanks are ignored and the length of the lines is not important. The sequence is terminated by either the character 1 or 2, where 1 indicates that the sequence is linear and 2 indicates that the sequence is circular or tandemly repeated. Designation of a sequence as circular allows the finding of restriction sites that may be interrupted between the beginning and the end of the sequence, homologies or internal repeats that cross this boundary of a sequence, dinucleotides between the first and last sequence, dyad symmetries that span the discontinuity, etc. Descriptive information about another sequence may follow immediately after the end of the sequence and there may be any arbitrary number of sequences in a file.
Having loaded a specific sequence file (or files), SEQ now prompts the user for those analytical procedures he wishes to employ. In addition to the various procedures listed below, the program offers the user the chance to control the execution of the program and the disposition of the output.
For instance, at this point one may decide to load additional sequences that were forgotten during the initialization of the program. The user may also request that the program either begin or cease sending the output to a file. He may also modify many internal parameters of SEQ which specify such items as the minimum percent of exact match (PERCENTMATCH) required to show an inter-or iritrasequence homology. SEQ keeps track of a particular user's personal preference on these parameters by storing a "profile" of that user which is used upon SEQ initialization. Finally, by typing 0 the user can request that SEQ terminate execution altogether. The user may change the nature of the execution of the program after each analysts. This allows errors to be detected and rectified immediately. 
Option S --Lexicographies
This procedure is adapted from the lexicography procedure described by Korn, Queen and Wegman [1] ). It first prepares a set of "words" each of which is of sufficient length to be unique within the sequence and the beginning of which therefore uniquely defines each position in the sequence. These "words" are then alphabetized to allow one to look for exact internal repeats of any specified length. The length of matching before two similar words are printed can be controlled by setting a parameter (MATCHLENGTH).
Option 6 --General String Searching and Mapping
Option 6 is a general searching procedure that looks for patterns in DNA sequences such as TATA boxes, restriction sites, etc. This procedure can be used to either list the locations of the sites or to display the locations on the sequence itself. The procedure can be used to generate restriction maps of sequences for a limited number of enzymes or subsets of the enzymes (those that leave cohesive ends or those that recognize four base sequences etc.). Another option allows one to determine the lengths of the DNA fragments that would be generated by cleaving the known sequence with a one or more enzymes and to order those fragments in decreasing size as obtained in a restriction enzyme digest. Notice that the last of these fragments is from a circular sequence and it spans the beginning and end of the sequence as stored In the file. The actual algorithm used to discover homologies or dyad symmetries can be modified greatly by the settings of various parameters that specify whether mismatches are allowed or whether insertion/deletion loops are allowed and how well paired the entire structure must be. In addition to these criteria, one may also specify the minimum overall matching as well as criteria for statistical significance of the homologies and symmetries. The statistical significance of each homology is calculated by the methods originally suggested by Korn et. al. [1] . The homology search procedure described above is represented as a Markov process in which the probability of any homology can be readily determined as the stationary state of the Markov process [6] , [7] . The SEO program actually calculates these absolute probabilities for homologies up to those 50 nucleotides in length and from 50 to 100% matched for each application of the program. This calculation takes into account the base composition of the sequence and the settings of the various parameters that control the algorithm. Hence if one repeats a homology search and asks for the ten most significant internal homologies with a wide variety of different algorithms (allowing mismatches, allowing insertions/deletions, or both) or using DNAs of widely varying length or base composition, one obtains between 5 and 20 homologies in most cases. After each homology or dyad symmetry the absolute probability of that homology or one more significant is printed. This absolute probability is multiplied by the total number of alignments considered during the search to obtained the expected number of homologies or dyad symmetries of this degree of matching. Since these expectation values are calculated for each search, they are correct not only relatively, but they can be used as absolute measures of significance. A homology-er dyad symmetry with an expectation frequency of 0.05 or less would be considered statistically significant. For dyad symmetries the SEQ program also calculates the free energy of formation of the dyad for single-stranded RNA in solution according to the methods of Tinoco [8] , [9] , [10] . The inverse-complement of the sequence that was originally loaded can also be analyzed by typing the sequence name followed by an apostrophe '"". These features can be combined as well:
Sequence: SV40' 1 300
This indicates that one wants to examine the first three hundred nucleotides of the inversecomplement of SV40. Since the SV40 DNA sequence is stored beginning and ending at the origin of replication, this would correspond to the first 300 bases of the early region.
One may al30 respond to the Sequence: prompt with the word COMBINED. The program will then ask for a series of DNA segments to be taken from the sequences that have been loaded into the program. The user may join as many segments from as many different sequences as he wishes to form a recombinant DNA or take all the segments from a single sequence as he might if he were generating a spliced RNA sequence from the complete transcript. As soon as he has specified all of the segments for a combined sequence, SEQ asks for the name for the combined sequence and for comments to store with the sequence. This combined sequence can then be analyzed in further iterations through SEQ for its restriction map, translation, codon usage and other properties that might be unique to the combined sequence. This sequence can also be written by SEQ into a sequence file for analysis at a later time. COMBINED is an exceptionally powerful and particularly easy way for manipulating and storing nucleotide sequence information.
Suboptions
After specifying the sequences which the user wishes to analyze, the program will then ask him about suboptions to any of the procedures listed above. For instance for sequence printing option 1 he will be asked if he wishes single-or double-stranded printing. For each of the other procedures there are a multiplicity of different suboptions that will control the exact nature of the output and the analysis. One may respond to the request for more information for an option with a carriage return, in which case standard default answers are used. The default answers are those answers most often given to any particular question.
Iteration
After performing the first analysis that was requested, SEQ automatically returns to ask the user if he wishes to apply any other procedures. Typing a Q at this point halts the program. Any option may be used repeatedly or new procedures can be tried. This allows one to cycle repeatedly through SEQ changing the parameters slightly to see the effect on the analysis. This interactive analysis can also be recorded into a file for reading at some later time.
A Short SEQ Example
This short example of SEQ is designed to give the flavor qf a typical interaction with the program.
In the example, the intervening sequences of a a mouse /?-globin gene are deleted from the sequence of the genomic clone and the sequence of the resulting "spliced" exons is compared with the sequences of a cloned mouse /?-globin cDNA. In the typescript that follows, user responses are printed in small capital letters. We have added some explanatory comments in italics. 
File for output? (<CR> for none) <CR>
The user has the option of storing in a permanent file all the data generated during the session. 
